Background and objectives: High-flow nasal cannula (HFNC) can be used as a respiratory support strategy for patients with acute respiratory failure (ARF). However, no clear evidence exists to support or oppose HFNC use in immunocompromised patients. Thus, this meta-analysis aims to assess the effects of HFNC, compared to conventional oxygen therapy (COT) and noninvasive ventilation (NIV), on the outcomes in immunocompromised patients with ARF. The Pubmed, Embase and Cochrane databases were searched up to November 2018. Materials and Methods: Only clinical studies comparing the effect of HFNC with COT or NIV for immunocompromised patients with ARF were included. The outcome included the rate of intubation, mortality and length of stay (LOS). Results: A total of eight studies involving 1433 immunocompromised patients with ARF were enrolled. The pooled analysis showed that HFNC was significantly associated with a reduced intubation rate (risk ratio (RR), 0.83; 95% confidence interval (CI), 0.74-0.94, I 2 = 0%). Among subgroup analysis, HFNC was associated with a lower intubation rate than COT (RR, 0.86; 95% CI, 0.75-0.95, I 2 = 0%) and NIV (RR, 0.59; 95% CI, 0.40-0.86, I 2 = 0%), respectively. However, there was no significant difference between HFNC and control groups in terms of 28-day mortality (RR, 0.78; 95% CI, 0.58-1.04, I 2 = 48%), and intensive care unit (ICU) mortality (RR, 0.87; 95% CI, 0.73-1.05, I 2 = 57%). The ICU and hospital LOS were similar between HFNC and control groups (ICU LOS: mean difference, 0.49 days; 95% CI, −0.25-1.23, I 2 = 69%; hospital LOS: mean difference, −0.12 days; 95% CI, −1.86-1.61, I 2 = 64%). Conclusions: Use of HFNC may decrease the intubation rate in immunocompromised patients with ARF compared with the control group, including COT and NIV. However, HFNC could not provide additional survival benefit or shorten the LOS. Further large, randomized controlled trials are needed to confirm these findings.
Introduction
With the aggressive surveillance and the improvement of medical care, the incidence of cancer, as well as the survival of cancer patients, are both increasing steadily [1] [2] [3] . The populations of immunocompromised patients, including active cancer, organ transplant, the use of immunosuppressive agents and chemotherapy, and human immunodeficiency virus (HIV) infections, are growing [4] [5] [6] . However, immunocompromised patients also carry higher risks of many life-threatening complications than do immunocompetent patients. Infection-related acute respiratory failure (ARF) requiring invasive mechanical ventilation (IMV) is the most common cause of the immunocompromised patients needing intensive care unit (ICU) admissions [7] [8] [9] [10] . Moreover, immunocompromised patients requiring IMV for ARF in the ICU usually have high morbidity and mortality [9] [10] [11] . Instead of IMV, non-invasive respiratory support is an established alternative treatment for ARF among immunocompromised patients. However, a multicenter, randomized clinical study [12] showed that non-invasive ventilation (NIV) did not provide an additional survival benefit among immunocompromised patients compared with standard oxygen therapy. Recently, the development of high-flow nasal-cannula (HFNC) gives us another technique of non-invasive respiratory supports for ARF. HFNC has several advantages, including high oxygen flows with a high fraction of inspired oxygen, the generation of flow-dependent positive end-expiratory pulmonary pressure, and enhanced wash out of nasopharyngeal dead space, but without compromising blood flow to skin areas susceptible to pressure sores [13] [14] [15] . Two recent meta-analyses [16, 17] showed that HFNC was associated with a lower rate of intubation than conventional oxygen therapy (COT) in adult patients with acute hypoxemic respiratory failure. In contrast, several meta-analyses [18, 19] demonstrated that HFNC was not associated with a significant difference in mortality compared to COT in patients with acute hypoxemic respiratory failure. For immunocompromised patients, prolonged endotracheal intubation could be associated with a high rate of infection and poor outcome. If HFNC can help lower the intubation rate among immunocompromised patients, their outcome may be improved. However, only one meta-analysis [20] of seven studies found that HFNC was significantly associated with a reduction in short-term mortality and intubation rate. In this meta-analysis, only 667 ARF patients and one randomized controlled trial (RCT) were included [20] . In 2018, one large multicenter RCT [21] involving 776 patients showed that HFNC did not significantly decrease the day-28 mortality and intubation rate compared with COT. Therefore, we conduct this updated meta-analysis, incorporating these studies with conflicting results to increase the evidence level and power of analysis, and aim to find out the answer about the clinical efficacy of HFNC in immunocompromised patients with ARF.
Materials and Methods

Study Search and Selection
All clinical studies were identified by a systematic review of the literature in the PubMed, Embase, and Cochrane databases until 10 November 2018, using the following Mesh terms-"high-flow nasal cannula", "nasal high flow", "humidified high-flow nasal cannula", "respiratory failure", "acute hypoxemic respiratory failure" and "acute respiratory failure". Only randomized controlled trial (RCT) or observational studies that compared the clinical efficacy of High-flow nasal cannula (HFNC) and conventional oxygen therapy (COT) or noninvasive ventilation (NIV), for immunocompromised adult patients with acute respiratory failure (ARF), were included. Immunocompromised status was defined as a chronic use of steroids, the use of other immunosuppressant or chemotherapeutic agents, solid organ transplantation, solid and hematologic malignancy, human immunodeficiency virus (HIV) infection, or primary immune deficiency. In addition, we searched all references in the relevant articles and reviews for additional eligible studies. We excluded case reports or case series, single arm studies, studies enrolling pediatric patients on neonate, and conference abstracts. Two reviewers (Chang and Wang) searched and examined publications independently to avoid bias. When they had any disagreement, another author (Lai) resolved the issue in time.
The following data included authors, year of publication, study design and duration, sites of study, the demographic characteristics of the study population, immunocompromised conditions, disease severity, indication of oxygen therapy for ARF, and the outcomes. Neither ethics board approval nor patient consent was required, due to the nature of a systematic review. The Cochrane Risk for Bias Assessment tool [22] and modified Newcastle-Ottawa scale [23] were used to assess the risk of bias for RCTs, and the cohort study, respectively.
The primary outcome was the rate of intubation. Secondary outcomes included all-cause mortality, including 28-day, intensive care unit (ICU) or hospital mortality and length of stay (LOS) in the ICU and hospital. The statistical analysis was conducted using the software Review Manager, Version 5.3. The degree of heterogeneity was evaluated with the Q statistic generated from the χ 2 test. The proportion of statistical heterogeneity was assessed by the I 2 measure. Heterogeneity was considered as significant when its p-value was less than 0.10, or the I 2 more than 50%. The fixed-effect model and the random-effects model were applied when the data was homogenous, and heterogeneous, respectively. For dichotomous outcomes, we estimated the summary risk ratio and 95% confidence interval (CI); for continuous data, we estimated summary mean difference (MD) and 95% CIs. The mean and standard deviations were estimated from the median and interquartile ranges according to a previous study [24] . A p-value <0.05 was set as the threshold of statistical significance. Sensitivity analyses were conducted by excluding or subgrouping studies to reduce the potential confounding effects.
Results
Study Selection and Characteristics
The search program yielded 246 references, including 53 from Pubmed, 169 from Embase and 24 from the Cochrane database. Then, 195 articles were screened after excluding 51 duplicated articles. Finally, a total of eight studies [21, [25] [26] [27] [28] [29] [30] [31] fulfilling the inclusion criteria were included in this meta-analysis ( Figure 1 ). All were studies designed to compare the clinical efficacy of HFNC and COT or NIV for immunocompromised patients with ARF ( Table 1 ). The risk of bias is shown in the Appendix A ( Tables A1 and A2 ). The risk of blinding was high in all RCTs. Four studies were retrospective studies [25, 26, 29, 31] , two studies [27, 30] were post-hoc analyses of RCT, and two studies [21, 28] were RCTs. In the Frat et al. study [30] , we only extracted 26 and 30 patients who received HFNC and COT, respectively, and we did not enroll the other 26 patients using HFNC plus NIV. Four studies [25, 26, 29, 31] were conducted in a single center, and the other four were multicenter studies [21, 27, 28, 30] . During the initial enrollment, HFNC and comparator were applied for 727 and 716 patients, respectively. Except for the fact that one study [29] was conducted in Asia, the other seven studies [21, [25] [26] [27] [28] 30, 31] were performed in Europe. Five studies [21, [26] [27] [28] 30] used COT as comparator. Two studies [29, 31] assessed HFNC versus NIV alone. In the Mokart et al. study [25] , they evaluated HFNC plus NIV versus NIV alone ( Table 2 ). 
Primary Outcomes
Among all of the eight enrolled trials, the intubation rate was 37.6% (273/727) and 45.3% (324/716) in the group of patients who were assigned to HFNC and controls, respectively. The pooled analysis showed that HFNC was significantly associated with a reduced intubation rate (RR, 0.83; 95% CI, 0.74-0.94, I 2 = 0%, Figure 2 ). Sensitivity analysis after deleting an individual study each time to reflect the influence of the single dataset on the pooled RR showed similar findings. Among subgroup analysis, HFNC was associated with lower intubation rate than COT (RR, 0.86; 95% CI, 0.75-0.95, I 2 = 0%) and NIV (RR, 0.59; 95% CI, 0.40-0.86, I 2 = 0%), respectively (Table 3) . According to a different study design, we found HFNC significantly reduced the intubation rate in retrospective studies (RR, 0.73; 95% CI, 0.58-0.90, I 2 = 21%). In contrast, no difference was found in two pooled RCTs (RR, 0.89; 95% CI, 0.76-1.06, I 2 = 0%) and two post-hoc analyses of RCTs (RR, 0.81; 95% CI, 0.61-1.07, I 2 = 0%) ( Table 3 ).
In the pooled analysis of four studies conducted in the single center, HFNC was associated with a lower intubation rate than the control group (RR, 0.73; 95% CI, 0.58-0.90, I 2 = 21%), but no difference was found in four multicenter studies (RR, 0.87; 95% CI, 0.76-1.01, I 2 = 0%). 
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Secondary Outcomes
28-day mortality was available in five studies [21, 25, 27, 30, 31] , and the pooled results found that there was no significant difference between HFNC and the control groups (RR, 0.78; 95% CI, 0.58-1.04, I 2 = 48%, Figure 3 ). Five studies [21, 26, [29] [30] [31] reported ICU mortality, and no significant difference was found between HFNC and the control group (RR, 0.87; 95% CI, 0.73-1.05, I 2 = 57%, Figure 4 ). Six studies [21, [25] [26] [27] 29, 31] reported ICU LOS, and five studies [21, [25] [26] [27] 29] showed hospital LOS. We found ICU and hospital LOS were similar between HFNC and control groups (ICU LOS: Mean difference, 0.49 
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Discussion
This meta-analysis enrolled a total of eight studies involving immunocompromised patients with ARF and provided several significant findings. Most importantly, the use of HFNC can help reduce the intubation rate in immunocompromised patients with ARF. The effect remained significant in the subgroup analysis while compared with COT and NIV. The similar findings have been reported in previous studies [32] in other clinical conditions. For post-extubation patients, HFNC treatment significantly decreased the reintubation rate (OR 0.46; 95%CI 0.33-0.63; p < 0.00001; I 2 = 30%) and extubation failure (OR 0.43; 95%CI 0.25-0.73; p = 0.002; I 2 = 66%) when compared with COT in a meta-analysis [32] of 18 RCTs. Another meta-analysis of six RCTs demonstrated that HFNC therapy can decrease the intubation rate (RR, 0.60; 95% CI, 0.28-0.94, I 2 = 49) when ARF patients were treated with HFNC therapy, compared with COT [16] . Even for immunocompromised patients with ARF, the meta-analysis of Huang et al. [20] showed the similar findings that HFNC was significantly associated with a reduction in the intubation rate (RR, 0.76; 95% CI, 0.64-0.90). Overall, our meta-analysis remained consistent with previous suggestions that HFNC may help prevent intubation among immunocompromised patients with ARF compared with COT and NIV.
However, the significant effect of HFNC in reducing the intubation rate was only evident in the pooled analysis of four retrospective studies or single center investigations. In contrast, no significant difference was noted in the pooled analysis of two RCTs, two post-hoc analysis of RCTs, or four multicenter studies. This may be explained by the different study design. In the single center, the treatment protocol may be more consistent than in the multicenter RCT trial. In addition, none of the studies were double-blinded clinical trials, due to the nature of this kind of study. The lack of blinding may affect the treatment and the following assessment of the outcomes. Although our finding seems robust due to the low heterogeneity in the analysis of primary outcome, we still needed more solid data from large scale RCTs to confirm our findings.
Despite finding a positive impact of HFNC on reducing intubation rates among immunocompromised patients with ARF, there was no significant difference between HFNC and control groups regarding secondary outcomes, including 28-day mortality or ICU mortality, and length of ICU or hospital stays. Although the level of evidence regarding our findings of secondary outcomes was low due to the relative high heterogeneity and limited RCTs, these findings can be explained by that the causes of ARF, and the characteristics of study populations are protean, and the treatment of ARF is complicated. As a lone intervention, HFNC cannot improve overall outcomes including mortality and LOS. In addition, HFNC might not reduce mortality (despite reducing intubation rates) because of potential harm caused in the patients that were eventually intubated. In these patients, intubation may have been delayed, and outcomes made comparatively worse.
Although this meta-analysis is updated, and includes double the number of patients than the previous meta-analysis, there were several limitations within this study. First, there was relatively high heterogeneity with an I 2 value of more than 50% in the secondary outcome analysis. These heterogeneities could be caused by some significant variations in study design, and the clinical characteristics of enrolled patients. Second, most of the participating ICUs were located in Europe, especially in France, so the generalizability may be limited.
Conclusions
This meta-analysis suggested that the use of HFNC may decrease the intubation rate in immunocompromised patients with ARF compared with the control group, including COT and NIV. However, HFNC could not provide additional survival benefit or shorten the LOS in the ICU or hospital. Further large, high-quality, randomized, multi-center trials are needed to confirm the effects of HFNC among immunocompromised patients with ARF. 
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Appendix A Table A1 . Risk of bias of randomized controlled trials (RCTs). 
Reference
Random Sequence Generation
Mokart, 2015 V V V V V V V V 8 Roca, 2015 V V V V V V V V 8 Coudroy, 2016 V V V V V V V V 8 Tu, 2017 V V V V V V V V 8
